The Origin of the Possible Massive Black Hole in the Progenitor System
  of iPTF13bvn by Hirai, Ryosuke
MNRAS 000, 1–5 (2017) Preprint 24 October 2018 Compiled using MNRAS LATEX style file v3.0
The Origin of the Possible Massive Black Hole in the Progenitor
System of iPTF13bvn
Ryosuke Hirai1?
1Faculty of Science and Engineering, Waseda University, 3-4-1, Okubo, Shinjuku, Tokyo 169-8555, Japan
Accepted XXX. Received YYY; in original form ZZZ
ABSTRACT
This letter complements a formation scenario of the progenitor of the supernova iPTF13bvn
proposed in Hirai (2017). Although the scenario was successful in reproducing various obser-
vational features of the explosion and pre-explosion photometry by assuming that the progen-
itor had a relatively large black hole companion, it lacked an explanation for the origin of the
black hole itself. We now explore the possible evolutionary paths towards this binary with a
relatively large black hole companion. We found that the black hole was probably produced
by a very massive star that experienced common envelope evolution. According to our MESA
stellar models, the primary mass should have been & 70M to reproduce the required remnant
mass and final separation. This indicates that iPTF13bvn was likely a rare case and normal
type Ib supernovae originate from different paths.
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1 INTRODUCTION
Core-collapse supernova (SN) explosions are considered to be the
final fate of massive stars with masses & 8M. The majority of
these massive stars are known to be in close binary systems (Chini
et al. 2012; Sana et al. 2014). Thus the appearance and features of
SNe will be strongly affected by binary interactions. It is consid-
ered to be especially important for understanding the origin of the
so-called stripped-envelope SNe. This is a certain class of SNe that
have lost a significant amount of their hydrogen envelope prior to
the explosion, usually classified into type Ib, Ic or IIb by their spec-
tra. Although it is still not settled whether the loss of the envelope
is due to binary interactions or strong stellar winds, the small ob-
served ejecta mass strongly supports the binary scenario (Lyman
et al. 2016).
iPTF13bvn is a type Ib SN that has been extensively stud-
ied due to the fact that it is the only type Ib SN known to have
a corresponding pre-SN image detection. Soon after its discovery
by Cao et al. (2013), some single Wolf-Rayet star progenitor mod-
els were proposed that were consistent with the early pre-SN im-
age (Groh et al. 2013). However, the following fast decline of the
light curve suggested an ejecta mass of ∼ 2M, that could not be
explained by these models but instead favoured binary progenitor
models (Bersten et al. 2014; Fremling et al. 2014; Srivastav et al.
2014; Eldridge et al. 2015; Kuncarayakti et al. 2015). Later obser-
vations of the SN site were carried out by Folatelli et al. (2016), and
revealed that the observed flux has declined below the pre-SN flux.
This means that the pre-SN source was indeed the progenitor itself,
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and not a nearby star that was aligned with the SN by coincidence.
Even more, the upper limit placed by the new observations were
strong enough to conclude that there was no bright companion to
the progenitor, refuting most existing binary evolution models at
the time (Bersten et al. 2014; Hirai & Yamada 2015).
It was shown by Eldridge & Maund (2016) that according to
their huge grid of binary evolution calculations, scenarios involving
common envelope (CE) episodes can produce similar progenitors
but with relatively dark companions. However, Hirai (2017, here-
after H17) derived a lower limit to the progenitor radius from the
pre-SN photometry and argued that CE scenarios cannot reproduce
the large radius1. An alternative scenario was demonstrated, where
the companion is a large black hole (BH). If the BH mass is larger
than a certain fraction of the primary mass, the system will undergo
stable mass transfer (MT) and will strip off a large amount of the
envelope. It will leave an almost naked helium star by the time of
explosion, and the companion will not show up in the remnant af-
ter the explosion. In this way the progenitor system can satisfy all
constraints placed by the pre-SN image, light curve and late time
photometry. However, they only demonstrated a sample evolution-
ary track of a binary with a BH component and did not thoroughly
discuss the origin of the BH, although it is not so obvious.
In this letter, we provide support to the scenario in H17 by
showing possible evolutionary paths towards the massive BH. We
aim to construct a self-consistent evolutionary scenario that extends
1 CE models involving jets launched from the inspiralling companion may
have enough energy to eject the envelope (Papish et al. 2015; Soker 2015).
However, such processes are still poorly understood and are difficult to de-
rive concrete conclusions.
c© 2017 The Authors
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from the formation of the binary up to the SN explosion. This letter
is structured as follows. In Section 2 we will briefly review the BH
companion scenario proposed in H17. Then we discuss the origin
of the BH companion in Section 3 and summarize our results in
Section 4.
2 BLACK HOLE COMPANION SCENARIO
Here we briefly summarize the BH companion scenario proposed
in H17. In their demonstration, they start off the evolution with a
binary consisted of a 16 M star with a 15 M BH companion in an
8 d orbit. As the primary star evolves and starts burning helium at
the core, it eventually fills its Roche lobe and transfers matter to the
BH. This is called case B MT, and will continue until the star de-
taches from its Roche lobe with only a tiny portion of hydrogen left.
It will then carry on its evolution up to core-collapse without filling
its Roche lobe again. The BH will accrete a fraction of the matter
but will also eject a part of it out of the system carrying away angu-
lar momentum. It is not known how much matter can be accreted on
to the BH, but in H17 they limit the accretion rate to the Eddington
limit. Many researches show that super-Eddington accretion is pos-
sible (Ohsuga et al. 2005; Jiang et al. 2014; Sa¸dowski & Narayan
2016), but even if we assume higher accretion rates, it does not
strongly affect the evolution of the primary (De Vito & Benvenuto
2012; Benvenuto et al. 2013). Furthermore, they checked that the
evolution of the primary is almost totally insensitive to the BH mass
as long as the mass ratio is qBH ≡ mBH/mp & 0.8, where mBH is the
BH mass and mp is the primary star mass. The overall evolution did
not change even with BH masses ∼ 100M.
The sample evolutionary track in H17 was successful in re-
producing the pre-SN photometry, small ejecta mass and satisfying
the post-SN photometry limits. However, there is a range of initial
parameters that can follow similar tracks. In H17 they roughly es-
timate that the primary mass should have been in the range ∼ 14–
17M to produce a ∼ 3.5-M helium core, and the initial period
∼ 4–20 d to initiate case B MT although case A scenarios can also
be possible.
To provide stricter constraints on the binary configuration, we
will re-evaluate the limit on the initial separation more properly.
The binary separation changes when mass is transferred between
the binary components or any mass is lost from the system. If we
assume that all the matter transferred to the BH is expelled from
the system (fully non-conservative MT) with the specific angular
momentum of the BH, we can calculate the evolution of the orbit
analytically and relate the initial and final separations as
ai = af
mf
mi
(
mp,f
mp,i
)2
exp
(
2
mp,i − mp,f
mBH
)
(1)
where a is the separation, m = mp + mBH is the total mass and the
subscripts i and f denote the initial and final states (e.g. Postnov &
Yungelson 2014). On the other hand if we assume that all of the
transferred matter can be retained by the BH (fully conservative
MT), the relation between the initial and final separations can be
expressed as
ai = af
(
mBH,fmp,f
mBH,imp,i
)2
(2)
Among these values, the final and initial progenitor masses are
known to be mp,f ∼ 3.5 ± 0.5M from light curve modelling
(Bersten et al. 2014; Fremling et al. 2014; Srivastav et al. 2014)
and 14 . mp,i . 17 from our binary evolution model respectively
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Figure 1. Initial separation of binaries that end with a primary Roche lobe
radius Rp = 30R (lower set) and Rp = 85R (upper set). Line colours
indicate the initial mass of the progenitor. Lines are drawn assuming con-
servative MT (dashed) and fully non-conservative MT (solid).
(H17). Here we will take mp,f = 3.5M for clarity. Because the final
Roche lobe radius should be larger than the progenitor, we can also
place a lower limit to the final separation af by using the Eggleton
relation (Eggleton 1983)
af ≥ Rp,f
0.6q−2/3BH,i + ln(1 + q
−1/3
BH,i )
0.49q−2/3BH,i
(3)
where Rp,f is the progenitor radius at the end of the MT. These equa-
tions give us a lower limit on the initial separation as a function of
the mass ratio, which we plot in Figure 1. For our fiducial model we
use Rp = 85R which is the progenitor radius just before it detaches
from the Roche lobe (i.e. when the MT ends) in the sample evolu-
tionary track shown in H17. We also show the lowest possible limit
using Rp,f = 30R which is the minimum pre-SN progenitor radius.
The value of Rp,f is roughly related with the mass of the remaining
envelope, which in turn determines the pre-SN radius. However, the
mass of the remaining envelope can change due to wind mass-loss
in the Wolf-Rayet phase so it is hard to firmly constrain the value of
Rp,f. Here we just show the representative models but we can regard
these as lower limits because the evolution calculations in H17 did
not include strong wind mass-loss for the Wolf-Rayet phase. Note
that ai is directly proportional to Rp,f. By comparing the solid and
dashed lines, it is evident that the fraction of matter accreted on to
the BH is not so important at least at qBH,i > 0.8. It can be seen that
the initial separation should be at least ai & 17R which translates
to an orbital period of Pi & 1 d, or even larger depending on the pri-
mary and BH masses (e.g. ai & 50R for m2 = 14M, qBH,i = 0.8).
This initial separation is large enough to rule out case A MT cases.
If the initial separation is too large, the primary will reach its Roche
lobe at more evolved states, where convective envelopes may de-
velop. MT from convective envelopes are known to be unstable and
leads to CE phases, so the lower qBH,i models are not appropriate.
Here we will only consider the qBH,i & 0.8 models to avoid further
complications.
3 ORIGIN OF THE BLACK HOLE
The model in the previous section seems to be a promising can-
didate to explain the formation of the progenitor of iPTF13bvn.
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However, this scenario is based on the assumption that the primary
star had a massive BH companion, which originally should have
been a massive star too. Namely, the model only discusses the sec-
ond stage of the evolution of the binary, but there should have been
a first stage of evolution where an initially more massive star col-
lapsed to a BH after interacting with the less massive companion.
Here we will discuss this first stage in order to complement this
scenario in a self-consistent way. In the following we will denote
the progenitor of the BH as the primary with a mass m1, and the
progenitor of the SN as the secondary with a mass m2. We will call
the second stage of the evolution as the X-ray binary (XRB) phase,
because it has a configuration similar to X-ray binaries.
3.1 BH formation in general
BHs are considered to be descendants of massive stars that experi-
ence core-collapse at the end of their evolution. However, the mass
range in which stars can collapse to BHs are highly uncertain. Stel-
lar evolution theory suggests that stars more massive than & 25M
can produce BHs after a weak core-collapse SN explosion by fall-
back accretion on to the central neutron star (Fryer 1999; Heger
et al. 2003). Only the low metallicity stars will be able to directly
collapse to BHs without explosions. The massive stars with solar
metallicity will experience a large amount of mass loss by stellar
winds, and will have lost most of or its entire hydrogen envelope by
the time of collapse, producing type Ib or Ic SN explosions. How-
ever, the average observed ejecta mass of stripped-envelope SNe is
quite small (∼ 2M) which contradicts with the massive single-star
models (Lyman et al. 2016). It may mean that a larger fraction of
these massive stars collapse to BHs than anticipated even if they
have high metallicities.
According to these theoretical predictions, stars less massive
than . 25M are able to produce successful type IIP SN explo-
sions. However, the maximum mass of the known progenitors is
. 16.5 ± 1.5M, showing a deficit of high-mass progenitors (e.g.
Smartt et al. 2009). Although it may be explained by observational
biases such as strong dust extinction around red supergiants (Bea-
sor & Davies 2016), the most natural interpretation will be to as-
sume that stars with masses 18 . M/M . 25 cause failed SNe
and produce BH remnants (Horiuchi et al. 2014; Kochanek 2014,
2015). The disappearance of a ∼ 25M red supergiant has recently
been reported, which may be strong support for this hypothesis
(Adams et al. 2016a,b). The details of failed SNe are also uncer-
tain, but it is predicted that the brief neutrino emission will lead
to a sudden loss of gravitational mass, and cause the loose hydro-
gen envelope to become unbound (Nadezhin 1980; Lovegrove &
Woosley 2013).
To sum up, the recent observational facts suggest that most
stars larger than & 18M are likely to collapse to BHs. This roughly
corresponds to the mass range in which core-collapse SN pro-
genitor models have structures that are more difficult to explode
(O’Connor & Ott 2011; Ugliano et al. 2012; Sukhbold et al. 2016;
Ertl et al. 2016). For the failed SN cases (18 . M/M . 25), the
hydrogen envelope can be lost due to the sudden loss of gravita-
tional mass by neutrino emissions. Thus the remnant mass will be
roughly 90% of the pre-collapse helium core mass. For the directly
collapsing cases (& 25M), the remnant mass will be equivalent to
its pre-collapse stellar mass, which strongly depends on the highly
uncertain wind mass loss rate (Fryer et al. 2012).
In order to produce the large BH (mBH,i = mpqBH,i & 11.2M)
for the following XRB phase in our scenario, failed SN channels
are insufficient so the progenitor of the BH should have been at
least & 25M and experienced direct collapse.
3.2 Stable Mass Transfer Paths
Here we will discuss the formation of the possible BH in the pro-
genitor system of iPTF13bvn. Because our aim is to form a BH-
massive star binary with an orbital separation close enough to un-
dergo case B MT, the first stage of evolution should also have in-
volved binary interactions. There are in general two channels of
binary interactions: stable MT and CE evolution. In order to have
stable MT, the initial binary mass ratio needs to be close to unity.
The critical mass ratio is usually assumed to be q1 = m1/m2 ∼ 3.5
(Webbink 1985; Hjellming 1989; Ivanova & Taam 2004; Ge et al.
2010) where a delayed dynamical instability may form. But even if
the MT is stable, the binary may enter a de facto CE phase if the
secondary star cannot accumulate the transferred matter (Ivanova
et al. 2013). This will mainly happen when the accretor is not a
compact object, and cannot eject the accreted matter from the sys-
tem. In order to retain all the transferred matter, the thermal time-
scale of the accretor needs to be close to the MT time-scale which
is roughly determined by the thermal time-scale of the donor. For
the system in concern now, the primary star needs to be at least
& 25M to produce the large BH, whereas the companion needs to
be ∼ 14–17M at the end of MT (cf. Section 2). We are not sure
of the initial mass ratio but it is likely to be q1 & 2, which makes a
considerable difference in the thermal time-scales of the stars. Thus
we consider that the stable MT channel is unlikely for this system.
3.3 Common Envelope Paths
When the mass ratio is relatively large or the initial separation is
large so that the donor envelope becomes convective, the binary is
likely to experience unstable MT which leads to CE phases. A CE
phase is where one of the stars in a binary engulfs its companion
and the engulfed star plunges in towards the centre due to dynam-
ical friction with the envelope matter. If there is enough energy in
the orbit to unbind the envelope, the system will be left with the
core of the primary and the companion in a tighter orbit. Otherwise
the stars will simply merge into a single object.
For the case here, we need to consider the outcome of a CE
phase with an initially very large (m1 & 25M) primary star with
a m2 ∼14–17M companion. After the CE phase, the system will
be left with the naked helium core of the primary orbiting the sec-
ondary in a tight orbit. Then the naked helium star will evolve as
a Wolf-Rayet star, which will expel a large fraction of its mass by
strong stellar winds. The wind will take away angular momentum
and widen the orbit until the primary collapses into a BH. At this
point the primary should have a mass m1 & 0.8m2 and the binary
separation larger than ai given in Figure 1.
In order to test the plausibility of this scenario, we carry out
stellar evolution calculations using a public code MESA (version
8845; Paxton et al. 2011, 2013, 2015). For convection we use the
mixing length theory with the Ledoux criterion and a mixing length
1.6. We limit the mass of mass shells to be < 0.01M which is the
resolution recommended to properly evaluate helium core masses
with MESA (Farmer et al. 2016). There are two points that need to be
investigated - the remnant mass and pre-SN separation. To evalu-
ate the remnant mass, we follow the evolution of massive stars that
experience CE phases by taking the same procedures as in Ivanova
(2011) and H17. We first follow the evolution of single stars up to
MNRAS 000, 1–5 (2017)
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Figure 2. Core masses at the onset of the CE phase in our MESA runs.
Colours of the lines indicate which wind mass loss scheme was used. The
dashed line shows the final BH mass obtained after a WR phase in the Vink
model.
the point where the stellar radius exceeds 600R2, where we as-
sume that the binary enters a CE phase. At this point we record the
mass coordinate mc of the maximum compression point (Ivanova
2011) and apply a mass loss rate of M˙ ∼ −1Myr−1 until the mass
reaches this value. Then we leave the almost naked helium star to
evolve until it starts burning silicon at the centre.
The BH mass will be equivalent to the remaining stellar
mass at the final stage, which is determined by the wind mass
loss rate. In our models we use two different prescriptions for
main-sequence mass loss: one by Kudritzki et al. (1989, hereafter
Kudritzki scheme) and one by Vink et al. (2001, hereafter Vink
scheme). Figure 2 shows the pre-CE helium core mass mc obtained
in our MESA calculations. Both schemes give similar core masses.
However, after the CE phase, the star will enter a Wolf-Rayet phase
where its mass-loss rate is highly uncertain. Many stellar evolu-
tion calculations adopt the empirical formula by Nugis & Lamers
(2000), but this is a rough estimate since the observed values still
have a wide scatter. The dotted line shows the final remnant mass
obtained using the empirical formula on our Vink models assuming
solar metallicity3. It can be seen that roughly half of its mass can
be lost in the Wolf-Rayet phase, and only the extremely massive
models (ZAMS mass & 70M) have remnant masses that satisfy
the requirement in our BH companion scenario. However, it should
be emphasized that this is just a sample model and the BH mass
can be larger depending on the unknown wind mass loss rate.
We estimate the final separation of the binary with the so-
called “energy formalism” (Webbink 1984; Iben & Tutukov 1984),
Eenv = αCE
(
−Gmcm2
2af
+
Gm1m2
2ai
)
(4)
where Eenv is the binding energy of the primary, G is the gravita-
tional constant, m1,m2 are the masses of the primary and secondary
respectively and ai, af are the binary separations before and after the
CE phase. αCE is an efficiency parameter of the energy conversion
2 The critical radius here is not important because the core mass does not
grow during the expansion (H17).
3 The progenitor was likely to have been formed in a solar-metallicity en-
vironment (Fremling et al. 2016).
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Figure 3. Post-CE (solid) and the largest possible final separation (dashed)
of the binary as a function of the ZAMS mass. Colours indicate the applied
wind scheme using the same colours as in Figure 2. Separations are calcu-
lated using Equations (5) and (7) with m2 = 14M (circles) and m2 = 17M
(crosses). Blue lines show the separation required for the XRB phase calcu-
lated from Equations (1) and (3), with mBH = mc (solid) and mBH = 0.8m2
(dashed).
which is usually taken as unity. The second term in the parentheses
is usually negligible compared to the first term because the post-CE
separation is much shorter. Therefore we can estimate the post-CE
separation as
apost-CE ∼ αCEGmcm22Eenv (5)
where mc and Eenv can be calculated from our evolution simula-
tions. The binding energy of the envelope is calculated by com-
paring the total binding energy of the star before and after the CE
event to take into account the relaxation of the core after the mass
ejection (Ge et al. 2010).
Eenv = Ebind,i − Ebind,f
= −
∫ m1
0
(
−Gm
r
+ 
)
dm +
∫ mc
0
(
−Gm
r
+ 
)
dm (6)
Here  is the specific internal energy, r is the radius and the inte-
grations are taken over the whole star before (first term) and after
(second term) the CE phase. After the CE phase, the naked helium
star will emit strong stellar winds which will widen the separation.
If we assume that the wind takes away angular momentum pro-
portional to the specific angular momentum of the star, the final
separation can be calculated as
af = apost-CE
mc + m2
mBH + m2
(7)
Because the final BH mass is highly uncertain, we take the lower
limit mBH = 0.8m2 to derive an upper limit to the final separation.
In Figure 3 we show the post-CE separation and the upper
limit of the final separation for each of our MESA models. It can be
seen that the post-CE separation increases with mass due to the in-
crease in core mass, except for the most massive cases (& 80M)
where the binding energy increases more rapidly. The true final sep-
aration should be somewhere between the solid and dashed lines,
presumably closer to the dashed lines if we believe the BH masses
obtained in Figure 2. By comparing these separations with the re-
quired separations shown in blue, it can be seen that the models in
MNRAS 000, 1–5 (2017)
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the range & 70M satisfy the requirements. Note that the blue lines
are just reference models assuming fully non-conservative MT for
the XRB phase. The required separations can increase slightly de-
pending on the BH mass retention rate.
From the above discussions, we have found a possible evo-
lutionary path towards a system with a large BH component. The
binary likely originated from a binary with two massive stars and
experienced CE evolution. The primary star should have been
& 70M to leave a large enough BH mass and end with a wide
enough separation for the XRB phase. Stars in this mass range
compose only . 0.1% of the whole stellar population assuming a
Salpeter-like initial mass function, which indicates that iPTF13bvn
might have been a rare case.
4 CONCLUSION
We have discussed the evolution of the binary that led to the super-
nova iPTF13bvn, based on the scenario proposed in Hirai (2017).
According to this scenario, the SN was caused by the initially less
massive star in the binary, and the more massive star has already
collapsed to a BH. We give constraints to the binary parameters for
the second stage of the evolution, which should have been like an
X-ray binary. The orbital separation at the beginning of this XRB
phase should be & 17–50R depending on the mass of the BH. The
BH mass is also unknown, but we estimate that it should have been
relatively large to ensure stable mass transfer in the XRB phase.
We also found possible evolutionary paths to create binaries
satisfying the above constraints. In order to create a large enough
BH for this XRB phase, the initially more massive star should have
been & 70M. The system most likely experienced a CE phase, and
the mass range in which the post-CE separation meets the require-
ments for the XRB phase is yet agian & 70M. The number of bina-
ries with such large masses are expected to be very small (. 0.1%).
Thus if the progenitor of iPTF13bvn was truly formed through this
path, it was a peculiar case and normal type Ib SNe should have
been created through different pathways. This may provide a rea-
son for the rarity of progenitor detection for type Ib SNe. Deeper
observational constraints on the remaining companion are needed
to determine the true evolutionary scenario for the progenitor of
iPTF13bvn.
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